The structural gene encoding staphylococcal enterotoxin C1 was cloned into Escherichia coli and localized on a 1.5-kilobase HindIII-ClaI DNA fragment by subcloning. The toxin was partially purified from E. coli clones and shown to be immunologically identical to enterotoxin C1 from Staphylococcus aureus. The cloned toxin also had the same molecular weight (26,000) and charge heterogeneity as staphylococcus-derived enterotoxin. Toxins from both sources were equally biologically active.
MATERIALS AND METHODS
Bacterial strains. S. aureus MN Don, a clinical isolate from blood of a patient with toxic shock syndrome, was used for production of enterotoxin C1 and as a source of DNA for construction of a genomic library. This strain, submitted by P. F. Sparling, University of North Carolina, Chapel Hill, makes enterotoxin C1 while not expressing any other enterotoxins, TSST41, or exfoliative toxins. Identification of enterotoxin C1 was confirmed by using reference antisera supplied by E. Schantz, University of Wisconsin, Madison, and by comparison of the N-terminal amino acid sequence * Corresponding author.
with that previously reported for the toxin (15, 35) . A total of 21 amino acids constituting the N terminus of the protein were analyzed. Although the data did not permit assignment of amino acids to positions 10 and 12, the remaining residues were in complete agreement with the previously reported sequence (35) . E. coli K12 strains RR1 (F-hsdS20 ara-14 proA2 lacY) galK2 rpsL20 xyl-5 mtl-l supE44 A- [10] ) and JM83 (ara Alac-pro strA thi 4)80dlacZAM15 [27] ) were used for propagation of vector plasmids and as recipients of DNA in transformation procedures.
Antiserum preparation. Hyperimmune antiserum was prepared by immunization of American Dutch-belted rabbits (32) with purified enterotoxin C1 from S. aureus MN Don.
Enzymes. BamHI, BglII, AccI, and calf intestinal alkaline phosphatase were purchased from Boehringer Mannheim Biochemicals, Indianapolis, Ind. ClaI, HindIII, MboI, and T4 DNA ligase were purchased from New England BioLabs, Inc., Beverly, Mass. Reactions involving these enzymes were performed as directed by the manufacturers.
Preparation of staphylococcal DNA. DNA was obtained from S. aureus by a modification of the method described by Macrina et al. (25) except that lysostaphin (Sigma Chemical Co., St. Louis, Mo.) (15 ,ug/ml) was used to promote cell lysis. A partial digest of the genome was prepared for cloning by incubating the DNA for 1 h with MboI (0.63 U/,ug of DNA).
DNA purification. Plasmids were isolated from exponential-phase cultures grown in LB medium (5) by the procedure of Holmes and Quigley (16) after amplification with chloramphenicol (180 p,g/ml) (13) . The plasmids were further purified by hydroxyapatite chromatography followed by extraction with phenol-chloroform. Digested DNA for cloning and subcloning was purified by electrophoresis in agarose gel slabs (19) . Nucleic acids were recovered from gels by trough electroelution (26) or the rapid-freezing method of Smith (38) .
DNA ligation and transformation. Plasmids pBR328 (39) and pUC13 (41) were used as vectors in cloning and subcloning experiments, respectively. Vector and insert DNAs (25 to 100 ng) were mixed in a 1:1 (wt/wt) ratio. ing tetracycline (12.5 pugIml). E. coli JM83 cells transformed with pUC13 recombinants were plated on LB medium containing ampicillin and X-gal (40 ,ug/ml; Sigma).
Toxin screening. Selected E. coli RR1 transformants (Apr Tcs) from shotgun cloning experiments were screened for toxin production by colony immunoblot analysis. The colonies were replica plated onto nitrocellulose membrane circles (0.45-,um pore size, 82-mm diameter; Schleicher & Schuell Inc., Keene, N.H.), soaked in 0.5 N NaOH, and washed with 0.1 M HC1. Membranes were incubated first in diluted enterotoxin C1 antiserum and then exposed to alkaline phosphatase-conjugated anti-rabbit immunoglobulin G prepared in goats (1:500 dilution; Sigma). Antigen-antibody complexes were detected by the indoxyl phosphateNitroblue Tetrazolium indicator system (8) . Toxin production by clones and subclones was confirmed by Ouchterlony immunodiffusion (20) .
Toxin purification. Staphylococcus-derived enterotoxin C1
was obtained from cultures of S. aureus MN Don grown in dialyzable beef heart medium (34). Cloned toxin was obtained by growing E. coli clones or subclones in LB broth containing ampicillin (40 ,ug/ml). Preliminary testing revealed that nearly 100% of toxin in E. coli cultures was cell associated (probably in the periplasm). The cultures (2,400 ml) were precipitated for 2 days (4°C) after mixing with 4 volumes of ethanol. Precipitates were dried and redissolved in distilled water. Enterotoxin C1 was partially purified by preparative thin-layer isoelectric focusing (34) in a pH gradient of 3.5 to 10 by using commercial ampholytes (LKB Produkter, Bromma, Sweden). Areas of the gel bed containing proteins that reacted with enterotoxin C1 antiserum were pooled and refocused in a narrow pH gradient (pH 7 to 9) to achieve additional purification. Analytical gel electrophoresis. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed in 15% acrylamide vertical gel slabs with the discontinuous buffer system of Laemmli (24) . Analytical isoelectric focusing was performed in 5% polyacrylamide gel slabs with a pH gradient of 3.5 to 10 by using a commercial ampholyte preparation (LKB) as directed by the manufacturer (43 (Fig. 1) . Digestion of pMIN101 with HindIII produced fragments A (5.4 kb), B (4.6 kb), and C (2.0 kb). ClaI digested pMIN101 into fragments A (6.9 kb) and B (5.1 kb). Subcloning either HindlIl B or ClaI A fragments into pUC13 (pMIN111 and pMIN112, respectively) and transforming the DNA into E. coli JM83 resulted in transformants expressing enterotoxin C1. Digestion of HindIII-B with BglIl or ClaI yielded DNA fragments of 3.3 and 1.5 kb, respectively, that contained entCl. These fragments were cloned into pUC13, and the recombinants (pMIN113 and pMIN114) encoded toxin that was immunologically identical to that of E. coli RRI(pMIN101) and S. aureus MN Don (Fig. 2) .
Biological activity of cloned enterotoxin Cl. Enterotoxins C1 purified from cultures of E. coli JM83 (pMIN114) and S. aureus MN Don were compared for pyrogenicity and capacity to enhance susceptibility of rabbits to lethal endotoxin shock. Test rabbits were given intravenous injections of enterotoxin C1 (5 ,ug/kg). Enterotoxins C1 from S. aureus and E. coli were equally pyrogenic (Fig. 3) . The average temperature rise in test rabbits was 1.25°C over the 4-h period. The pyrogenic response peaked at 4 h and was monophasic. Therefore, endotoxin contamination, which typically induces a biphasic temperature rise (13), did not contribute significantly to the pyrogenic response to cloned enterotoxin C1. Both toxin preparations also enhanced susceptibility to lethal endotoxin shock; all three rabbits in each group receiving prior injections of enterotoxin C1 succumbed within 48 h after receiving endotoxin (10 ,ug/kg).
Cloned enterotoxin C1 was also compared with staphylococcus derived toxin for mitogenicity. Mouse splenocytes (5 x 105) were exposed to 1 jig of enterotoxin C1 from E. coli JM83(pMIN114) or S. auireus MN Don for 4 days. At 18 h before harvesting, the cultures were pulsed with 1 iLCi of [3H]thymidine, and incorporation of radiolabel into cellular DNA was quantitated. Both toxin preparations stimulated similar mitogenic responses (Fig. 4) .
Biochemical characterization of cloned enterotoxin Cl. Protein contents of toxin preparations purified from S. aureus MN Don and E. coli JM83(pMIN114) were compared by analytical isoelectric focusing. Staphylococcus-derived enterotoxin C1 existed in two major forms (Fig. 5) . Analysis of cloned toxin demonstrated proteins with pls identical to those of proteins from S. aureus. Two additional, more acidic proteins present in cloned enterotoxin C1 preparations were E. coli proteins since they were also present in similar preparations from E. coli JM83 clones not harboring pMIN114.
In SDS-PAGE, both forms of staphylococcus-derived enterotoxin C1 migrated as a single band (Fig. 6) . Preparations of cloned toxin also contained an identical-sized protein (26,000 molecular weight). This was likely the intact toxin since it reacted with the enterotoxin C1 antiserum probe in Western blot analysis. E. coli-derived enterotoxin C1 preparations also contained significant amounts of 26,500- (11) . This value is consistent with our observations during preparative isoelectric focusing of enterotoxin from S. aureus MN Don and E. coli JM83(pMIN114). However, two charged species of enterotoxin C1 could be distinguished by analytical isoelectric focusing in polyacrylamide gels. Charge heterogeneity is also observed with TSST-1 (9) and streptococcal pyrogenic exotoxin A (28) .
Further evidence that pMIN114 contains the entire entC1 structural gene was provided by biological activity studies of cloned toxin. These studies also confirmed that biological activities previously attributed to enterotoxin C1 are due to the toxin and not a copurified staphylococcal contaminant. E. coli-derived enterotoxin C1 was pyrogenic and enhanced susceptibility of rabbits to lethal endotoxin shock. The cloned toxin was also mitogenic for mouse splenocytes in vitro. The activity of cloned toxin in these assays was identical to that of purified enterotoxin C1 from S. aureus MN Don. This finding, together with the lack of a biphasic fever response, suggested that endotoxin contamination was not responsible for the observed effects of cloned enterotoxin C1 from E. coli JM83(pMIN114). Although emetic activity of cloned enterotoxin C1 was not evaluated, all other biological activities were conserved. Thus, the cloned toxin also likely retains its emetic activity.
The data presented in this report are important for future studies on the structure-function relationship of this group of toxins. Such studies will depend in part on nucleotide sequence analysis of representative toxins of each family. Other investigators thus far have cloned staphylococcal enterotoxins A and B (6, 31) , TSST-1 (22) , and streptococcal pyrogenic exotoxin A (19) .
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